A Monte-Carlo analysis on production and decay of supersymmetric charginos at a future photon-collider is presented. A photon collider offers the possibility of a direct branching-ratio measurement. In this study, the process γγ →χ
Introduction
An option for the future Linear Collider project is the photon collider [1, 2] . Such a collider provides the possibility of studying photon-photon collisions up to 80% of the e − e − centre of mass energy. If Supersymmetry is realized in nature, then also supersymmetric particles can be produced and investigated at such a facility. The photon collider has the advantage that the production of charged particle pairs is determined by pure QED. This offers the possibility to directly measure the decay properties of supersymmetric particles, once their masses have been precisely measured at the e + e − -collider. In addition the production cross sections for charged particles are significantly larger at a photon collider than in e + e − annihilation. In this paper a Monte-Carlo analysis on production and decay of supersymmetric charginos χ . This was done for a mSUGRA scenario similar to SPS1a [3] and for two different beam energies √ s ee = 500 GeV and √ s ee = 600 GeV.
The main Standard Model backgrounds and a parameterised detector simulation have been included. The obtained efficiencies and purities are presented. Finally the relevance of the photon collider measurements in addition to e + e − has been tested for the precision with which the Supersymmetry breaking parameters in the MSSM can be obtained.
Choice of a mSUGRA scenario
A general starting point for the choice of mSUGRA parameters is the SPS1a scenario [3] . However, in SPS1a the chargino decays almost entirely into a stau and a neutrinoχ [4] . For this reason the mSUGRA parameters have been slightly changed for this study in order to obtain a larger branching ratio for the decay into a W ± -boson and a neutralino. Table 1 shows the chosen values for the parameters. Only m 0 and tan β were modified with respect to SPS1a. This was done in such a way that mχ± 1 and mχ0 1 remained unchanged (Table 2) . Thus the kinematical properties of the reaction γγ → χ
are the same as for the SPS1a case. However, mτ 1 changed as well as the branching ratio BR(χ
which is increased from 7% to 26%. This has been considered as a more reasonable number for an analysis of theχ
SPS1a 100 GeV 250 GeV −100 GeV 10 +1 this study 130 GeV 250 GeV −100 GeV 9 +1 Table 1 : The values of the mSUGRA parameters for SPS1a and the scenario used in this study.
The photon collider
The photon collider (γγ-collider) is an option for the next Linear Collider project [2] . Table 2 : Chargino, neutralino and stau masses and the chargino branching ratios for SPS1a and the parameter choice used in this study. The numbers were calculated with ISAJET 7.67 [5] .
is replaced by a second e − -beam. The produced photon beams allow the study of photon collisions at energies and luminosities that are comparable to the e + e − -collider. The energy spectrum of the scattered photons is shown in Fig. 1 (left) for an electron beam energy of E(e − ) = 250 GeV [7] . The spectrum is peaked at photon energies of about 70% − 80% of the electron energy. The rise at low energies is due to multiple electron-photon interactions. The part of the spectrum above y ≈ 0.8E(e − ) can be explained by nonlinear interactions of an electron with several laser photons [2] . Fig. 1 (right) shows the photon polarisation spectrum λ(y): The high energetic photons are strongly circular polarised. This can be achieved, by using polarised electron and laser beams. Here, an electron polarisation of 85% and a laser beam polarisation of 100% was assumed.
The circular polarisation of the photon beams offers two Figure 1 : Energy distribution P (y) of the produced photons (left) and photon polarisation λ(y) (right) in dependence on y, which is the ratio of photon energy E(γ) and beam-electron energy E(e − ).
The possible alignments of the helicities (short arrows) of the colliding photons that lead to a total angular momentum of J = 2 or J = 0.
possible running modes for the γγ-collider in terms of helicities (Fig. 2) . One with a parallel and one with an anti-parallel alignment of the photon helicities. These correspond to an overall angular momentum of either J = 2 or J = 0 for the two-photon system. The luminosity spectrum and the polarisation in dependence of the two-photon centre-of-mass energy √ s γγ is shown in Fig. 3 . It has been calculated with the program CAIN [6] . The total luminosity is L γγ = 10·10 34 cm −2 s −1 which corresponds to an integrated luminosity of 1000f b −1 per year 3 . However the luminosity within the high energy peak (i.e.
√ s γγ > 300 GeV) is only Compared to the e + e − -collider, a photon collider cannot provide monochromatic beams. This makes event analyses harder, since the collision energy, which is important for kinematic constraints, is an unknown variable here.
Chargino production
The pair production of charginos in photon collisions is described by pure QED. Fig. 4 shows the only leading order diagram for the γγ →χ system can be derived [8] :
Where E is the photon beam energy in the centre-of-mass system and α,β describe the helicity of the incoming photons. Furthermore mχ and q = (E 2 − m 2 χ ) 1/2 are the chargino mass and momentum and e is the elementary charge. Beside the photon energy and polarisation, the production cross section only depends on the charge and mass of the chargino. In Fig. 5 (left) the production cross section is plotted in dependence of the photon energy E for the J = 2 and J = 0 mode. Because of parity conservation only the product α · β = ±1 is relevant. For energies less than 350 GeV especially near the production threshold (E = mχ = 180 GeV) the cross section is larger for the J = 0 mode, while this behaviour flips for higher energies. The maximum cross section is σ ≈ 2.1 pb at E ≈ 230 GeV.
At a photon collider there are no monochromatic photon beams with fixed energy. The photons spread over a wide energy range. Thus the production cross section has to be convoluted with the luminosity spectrum dL/d √ s γγ and the polarisation spectrum λ(y) [8] : √ s ee for J = 0 and J = 2.
Equation 2 describes the weighting of the cross section σ p,αβ with the mean helicities λ(y 1 ), λ(y 2 ) of the incoming photons. The resulting cross section σ p (s γγ ) is convoluted with the luminosity spectrum (eqn. 3). One obtains an effective production cross section σ p (s ee ) for the overall process e − e − → γγ →χ
in the e − e − centre-of-mass system which is plotted in Fig. 5 (right) for the two different helicity modes J = 0, 2. It has been calculated with SHERPA [9] . For beam energies below 380 GeV the J = 0 configuration provides the larger cross section, therefore that mode is used in the following for this analysis. In the region, where the J = 0 and J = 2 mode are similar, we expect similar results for both modes. However the J = 2 mode has not been studied in detail. In general the effective cross section is clearly smaller than the cross section for monochromatic beams. This is due to the fact that a major part of the colliding photons have too little energy to fulfil the threshold condition s γγ = y 1 y 2 s ee > (2mχ)
2 . It should be stressed that this effective cross section is not a cross section in the con-ventional sense, since it implicitly contains information about the luminosity spectrum. In order to obtain the number of produced chargino pairs per year, σ p (s ee ) has to be multiplied with the integrated photon luminosity of L int γγ = 1000f b −1 . This leads to ≈ 64.7 · 10 3 chargino pairs per year for a beam energy of E e − = 250 GeV (i.e.
√ s ee = 500 GeV) and ≈ 198 · 10 3 pairs for √ s ee = 600 GeV (Table 3 ). So at 600 GeV there are about three times more produced chargino pairs than for 500 GeV.
Signal and background simulation
For the calculation of cross sections and the simulation of signal and background events the generic event generator SHERPA was used [9] . This program is based on the matrix-element generator AMEGIC [10] and allows to simulate processes with up to six particles in the final state. SHERPA also supports Supersymmetry and uses ISAJET 7.67 [5] for the generation of the mSUGRA particle spectrum. The photon spectrum is taken into account by using the CompAZ parameterisation [11] , which is well suited for this analysis.
The response of the detector has been simulated with SIMDET [12] , a parametric Monte Carlo for the TESLA e + e − detector. It includes tracking and calorimeter simulation and particle reconstruction. An acceptance gap of the photon collider detector for polar angles below 7
• is taken into account in the event reconstruction as the only difference to the e + e − detector [13] . The signal is given by the process γγ →χ
( Fig. 6a) , where both charginos decay into a neutralino and a W-boson with a branching ratio of BR(χ
.2%. The W-bosons are identified via their decay into hadrons BR(W ± → qq) = 68%. In the model used here, the neutralino is the lightest supersymmetric particle (LSP) and stable. It cannot be detected and therefore the signature for the signal is given by 4 jets plus missing transverse momentum. The signal cross section is approximately given by
in which W -bosons are assumed to be on-shell. However with SHERPA the full process γγ →χ 0 1χ 0 1 having 6 final state particles was calculated, involving off-shell W -bosons. The diagram in Fig. 6a yields the by far dominant contribution. The cross sections are σ sig = 2.62 fb for an electron centreof-mass energy of √ s ee = 500 GeV and σ sig = 7.98 fb for √ s ee = 600 GeV (Table 4) . This corresponds to 2620 respectively 7980 signal events for an integrated luminosity of 1000f b −1 (one year). The full 6-particle cross section is about 25% larger than the simple estimate using eqn. 4 and the on-shell 
cross section and branching ratios. This comes roughly half from non doubleresonant production processes and from the fact that the phase space for thẽ χ 0 1 W decay gets slightly larger with off-shell Ws. The non double-resonant production processes are partially suppressed by the cut on the W-mass explained later.
The major background is the Standard Model process γγ → 4 jets, for which Fig. 6b shows the main contribution via W -pair production. Again the full 4 particle final state was simulated, though only the light quarks u, d, c, s and gluons were included. If the electroweak subprocess is γγ →and the other two jets stem from gluon radiation, the following parton shower is matched to the 2nd order QCD matrix element to avoid double counting [14] . The top and bottom quarks were neglected, their influence would be at the percent to per mille level. The calculated cross sections for this background are 13.7 pb for √ s ee = 500 GeV and 13.4 pb for √ s ee = 600 GeV ( (Fig. 6c) , where the Wbosons decay to hadrons and the Z-boson to undetectable neutrinos (ν e , ν µ , ν τ ). The second one is the production of top quarks that decay into a W ± and a b-quark γγ → tt → W + W − bb (Fig. 6d) . Here the decay of W -bosons into leptons was also taken into account, because due to the b-quarks, a 4 jet final state can occur even if one W ± does not decay into quarks. These two backgrounds have been simulated by generating W W Z and W + W − bb events with SHERPA while doing the treatment of the decay with PYTHIA [15] . The resulting cross sections that include the decay branching ratios are summarised in Table 4. Channel √ s ee = 500 GeV √ s ee = 600 GeV Table 4 : Cross sections for the signal and background processes for the two considered collision energies √ s ee = 500 GeV and √ s ee = 600 GeV.
There is another, inherent source of background of low energetic hadrons. For the considered energies, the cross-section for γγ →events is several hundreds of nb so that on average 1.8 such events are produced per bunch crossing (pileup) that overlay the high energy events [16] . The pileup events were produced with PYTHIA, while the overlay is done within SIMDET.
Event analysis
The first step in the event analysis is to reject pileup tracks as much as possible, in order to reduce their contribution to the high energy signal tracks. For this purpose, the measurement of the impact parameter of a particle along the beam axis with respect to the primary vertex is used.
The beamspot length for TESLA is about 300µm, while the measurement error for the impact parameter is only ≈ 5µm. Using the precise measurements from the vertex detector, the primary vertex is first reconstructed as the momentum weighted average z-impact parameter 4 of all tracks in the event.
The difference b z of the z-impact parameter with respect to the primary vertex, divided by the measurement error σ bz is shown in Fig. 7 (left) for signal and pileup tracks. Since the distribution for the pileup tracks is much broader than for the signal, only tracks with |b z | < 3 · σ bz are accepted for further event analysis.
The polar angle of each track, i.e. the angle with the beam axis is a further possibility to reduce the pileup. Because of the t−channel production mechanism, the pileup tracks are concentrated at low polar angles (Fig. 7,  right) . Only tracks with a polar angle larger than 18
• (i.e. | cos θ| < 0.95) are kept.
For the reconstruction of jets the standard PYTHIA cluster finding algorithm is used 5 , with the constraint of at least 4 reconstructed jets. The jets are sorted by their transverse momentum p T . The low p T jets are very much dominated by pileup tracks, therefore only the 4 jets with the highest p T are taken for the reconstruction of the two W -bosons. This is done by combining 6 pairs of jets in such a way that the invariant 2-jet masses m(W 1 ), m(W 2 ), i.e. the reconstructed W -masses deviate minimally from the on-shell W -mass m W = 80.4 GeV. 4 The z-impact parameter is defined as the z coordinate of the impact point in the x − y plane. 5 The minimum distance parameter was set to d join = 6.3 GeV. 6 The combinatorics are such that the W 1 always contains the jet with highest p T . In order to improve the signal to background ratio, cuts were applied on various calculated observables. Table 5 lists all considered variables together with the applied cut condition for the √ s ee = 500 GeV and √ s ee = 600 GeV case. Only events that fulfil all cut conditions are accepted and considered as signal-like. The cuts have been optimised by varying the cut conditions one after another and fixing them to the values with best resulting statistical error. The acoplanarity is defined as π − δ, where δ is the angle between the two reconstructed W -bosons in the x-y plane. The distribution of the missing transverse momentum is shown in Fig. 8a for the signal and the three considered backgrounds for √ s ee = 500 GeV. The logarithmic scale illustrates the huge amount of background compared to the signal. Fig. 8b and 8c show distribution of energy and reconstructed mass of W 1 . The cut on the reconstructed W-mass comes out fairly asymmetric around the nominal W-mass because the phase space of the chargino decay favours low mass W-bosons and in addition the usage of only four jets in the analysis, which is needed to reject pileup tracks, biases the reconstruction towards low masses. Further cut variables are the polar angles of the 4 jets that were used for the W reconstruction. Fig. 8d shows the distribution for the jet with highest p T . The applied cuts strongly improve the signal to background ratio. Fig. 9 illustrates this for the √ s ee = 600 GeV case. It shows the energy distribution of a reconstructed W before and after cuts were applied. Table 6 summarises the cut efficiency, showing the number of events for the signal and the background channels for an integrated luminosity of 1000f b −1 before and after cuts.
Results
An efficiency of 17.3% and a purity of 10.0% was obtained for an electron beam centre-of-mass energy of √ s ee = 500 GeV, resulting in a statistical error of 14.9% (Table 7) 7 . For √ s ee = 600 GeV an efficiency of 24.1% and a purity of 11.0% was obtained, resulting in a statistical error of 6.9%. Because of the higher signal cross section, the statistical error gets smaller for 600 GeV compared to 500 GeV. However, generally the final errors are quite large. This has a couple of reasons: The Standard Model background γγ → 4 jets has a cross section very much larger than the signal. The distinction of signal and background events is more difficult in comparison with the e + e − -collider. There is no fixed beam energy that could be used for kinematic constraints (on the W -energy for instance). In addition, particles with polar angles below 7
• are not detected, which makes the p T and acoplanarity cuts less effective. 24.1% 11.0% 6.9% Table 7 : Number of signal events and the total number of background events after all cuts for 1000f b −1 . In addition the final efficiencies, purities and statistical errors.
Using equation 4 the statistical error for the branching ratio BR(χ
We neglect the error of the luminosity, which is supposed to be on the per mille level. Since the chargino mass will be precisely measured at the Linear Collider, the pair production cross section is known. Therefore, the relative error for BR(χ
is simply one half of the statistical error ∆N /N, because the branching ratio enters quadratically in the total cross section.
Thus the result of this analysis is an expected statistical error for the directly measured branching ratio BR(χ ± 1 →χ 0 1 W ± ) of 7.5% for √ s ee = 500 GeV and 3.5% for √ s ee = 600 GeV.
Interpretation with Fittino
In [17] a global fit of the MSSM parameters for the SPS1a scenario has been presented, which was done with the program Fittino [18] . A set of 24 free parameters was fitted, based on a collection of simulated LHC and LC measurements with estimated uncertainties. We have repeated that fit for the scenario used in this analysis and included the chargino branching ratio with its estimated measurement error as an additional observable. For this purpose the low energy MSSM parameters and observables that correspond to the mSUGRA parameters, which were selected for this analysis, have been calculated with SPHENO [19] first. Table 8 shows the list of all included observables. The estimated measurement errors were taken from [17] and scaled according to the change in the measurement values with respect to those used in the SPS1a fit. The numbers (e.g. the chargino mass mχ± 1 ) also differ slightly from the ones that were used as input for the Monte Carlo analysis. Those have been calculated with ISAJET, while Fittino uses SPHENO for the generation of the SUSY particle spectrum.
However, only a subset of parameters has been fitted here for reasons of simplicity. Table 9 shows the parameters that have been fixed to their input values. They concern the squark sector, which is assumed not to be very much influenced by a measurement of the chargino branching ratio. Now, three fits have been performed: One, with only the observables from Table 8 without the branching ratio as an included measurement. The second one includes BR(χ ± 1 →χ 0 1 W ± ) = 33.4%, which is the numerical value obtained with SPHENO, together with a relative measurement error of 7.5% as the result for √ s ee = 500 GeV. The third fit is similar but with an error of 3.5% obtained in the as the result for the √ s ee = 600 GeV case. Table 10 shows the fitted parameters and the uncertainties obtained from the three fits. Because we were just interested in the final errors, we simply used the actual input values of the parameters as start values for the fit. In terms of precision, many parameters are not influenced significantly. However the uncertainties on the parameters determining the chargino and neutralino mixing matrices, especially tan β, and on X τ improve, when the branching ratio is added as a measured observable. For tan β the relative error improves by a factor of 2 for ∆BR/BR = 3.5%. The errors for the stau masses mτ R , mτ L also get better by roughly a factor of 2. The errors of some other parameters (e.g. Mẽ R ) might improve a little because of an overall correlation among all fitted parameters. The improper decrease of precision on µ and M 2 is due to a slightly unstable fit. It should, however, be noted that up to now no observables sensitive to the decay modes of the superpartners have been studied in e + e − .
Conclusions
A future photon collider provides the opportunity to measure the branching ratio of the chargino decayχ
Considering a mSUGRA scenario similar to SPS1a, this Monte Carlo study showed that a statistical error for the branching ratio of ∆BR/BR = 3.5% (7.5%) for an electron centre-of-mass energy of √ s = 600 GeV ( √ s = 500 GeV) can be obtained. Table 8 : The simulated LHC and LC measurements for the considered SUSY scenario. Standard Model parameters and squark masses are not listed. The cross sections correspond to a centre-of-mass energy of √ s = 500 GeV. The electron and positron polarisations are indicated by subscript: "+" for P e − = 0.8, P e + = 0.6 and "−" for P e − = −0.8, P e + = −0.6. 
